CD40, a tumor necrosis factor receptor, is a major immune-modulating susceptibility gene for Graves disease (GD) as well as for a variety of other autoimmune diseases. Its broad association with autoimmunity underscores its paramount role in the development of a normal adaptive immune response, primarily in coordinating effective antigen presentation. The molecular pathways by which CD40 activation in the thyroid induces GD are unknown. In this study, we investigated whether NF-kB, a ubiquitious family of transcription factors, mediates the downstream effects of thyroid-specific CD40 activation. Cultured primary human thyrocytes, from patients with and without GD, underwent CD40 stimulation. Once stimulated, cytokines and transcription factors specific for either the canonical nuclear factor kB (NF-kB)1 pathway [interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-a], which primarily recruits cells for innate immunity, or the noncanonical NF-kB2 pathway [B cell-activating factor of the TNF family, CC chemokine ligand (CCL)21], which directs B cell viability, were analyzed. Significant upregulation in the messenger RNA and protein levels of both canonical and noncanonical pathway cytokines was observed. Western blot analyses of the specific transcription factors for the NF-kB1 and NF-kB2 pathways (p65 and p100/p52, respectively) demonstrated that p65 is constitutively expressed. In contrast, CD40 stimulation robustly increased the expression of the NF-kB2 p52 transcription factor, and the upregulation was significantly more profound in the GD tissue than in the normal thyroid tissue. Our data show that CD40 activity in thyrocytes is prominently mediated via NF-kB and furthermore suggest that the NF-kB1 and NF-kB2 pathways both contribute to the triggering and the progression of GD. (Endocrinology 158: 410-418, 2017) G raves disease (GD) is characterized by thyrotoxicosis due to stimulating thyrotropin receptor antibodies. It is a leading cause for hyperthyroidism and represents one of the most common autoimmune diseases with a prevalence of approximately 1% in the United States (1-5). Genetic susceptibility has been consistently shown to play a major role in the etiology of GD, with some epidemiological studies estimating that genetic factors contribute 80% of the liability to develop GD (6-9).
G raves disease (GD) is characterized by thyrotoxicosis due to stimulating thyrotropin receptor antibodies. It is a leading cause for hyperthyroidism and represents one of the most common autoimmune diseases with a prevalence of approximately 1% in the United States (1) (2) (3) (4) (5) . Genetic susceptibility has been consistently shown to play a major role in the etiology of GD, with some epidemiological studies estimating that genetic factors contribute 80% of the liability to develop GD (6) (7) (8) (9) .
CD40 has emerged as a key genetic player in the development of GD and autoimmunity in general (1, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . CD40 is a tumor necrosis factor (TNF) receptor found on antigen-presenting cells (APCs) and thyrocytes and is required for an effective adaptive immune response (20, 23) . The interaction with its ligand, CD154 (expressed on T cells), provides the needed costimulatory signals to stimulate B cell proliferation, immunoglobulin class switching, and germinal center formation. CD40 guides immune-tolerant immature dendritic cells to develop into potent immunostimulatory cells and enhances T cell priming (10, (24) (25) (26) (27) (28) (29) . CD40's central role in coordinating T cell-and B cell-mediated immunity is underscored by the profound immune system aberrations that develop with both CD40 deficiency (X-linked hyperIgM syndrome) (25) and CD40 overactivity, including GD (20, 21, 23, 30) . Indeed, transgenic mouse models constitutively overexpressing thyroidal CD40 develop more severe experimental autoimmune GD and thyrotoxicosis, whereas blockade of CD40 stimulation in experimental animal models suppresses progression to overt thyroiditis (21, 29, 31) .
In B cells, CD40 activates various transcription factors, including NF-kB. NF-kB activates the promoter regions of many cytokines (32) and is independently implicated in the development of impaired self-tolerance (33) . In fact, corticosteroid-mediated immune suppression is believed to be mainly through NF-kB pathway interference (34) (35) (36) . The association between CD40 overactivation and GD has been firmly established, but the definitive molecular steps that link thyroid-specific CD40 activity to GD remain unknown. Whether local thyroidal CD40 acts through the NF-kB signaling cascade has not been previously studied. The aim of this study was to examine the downstream molecular effects of CD40 in thyroid follicular cells and to test the hypothesis that thyroid-specific NF-kB is the central effector pathway by which CD40 triggers GD.
Materials and Methods

Primary thyrocyte cell cultures
Studies were approved by the Icahn School of Medicine institutional review board. Human primary thyroid specimens were obtained from the Department of Pathology. A total of 6 specimens was obtained (4 from non-autoimmune thyroid disease patients and 2 from GD patients) and was digested in type II collagenase, at a concentration of 1.25 mg collagenase/ 100 mg thyroid tissue for 45 minutes at 37°C. The layer containing cells was strained through a 40-mm filter and neutralized with primary medium (HyClone medium 199/Earle's Balanced Salt Solution with Earle's balanced salts and L-glutamine) at 1:1 volume. Cells were centrifuged at 1000 rpm, 5 minutes, 4°C; the resulting pellet was resuspended in 2 mL medium and set aside. The process was repeated two more times with the remaining partially collagenase-treated thyroid tissue. The resulting pellets were suspended in 2 mL medium and pooled together for a total of 6 mL resuspended cells. These cells were then plated directly and distributed equally into a 6-well plate, reaching .80% confluence. Cells were maintained at 37°C in 5% CO 2 . 
CD40 stimulation of primary thyrocytes
Cytokine analysis
Supernatants collected from primary thyrocyte cultures were assayed using an EMD Millipore (Billerica, MA; HCYTOMAG-60K) multiplex bead-based assay, according to the manufacturer's protocol. Cytokine levels of IL-6, IL-8, TNF-a, IL-12 (p40), IL-1b, interferon-g, and IL-17 were measured on a Luminex xMAP 200 platform. Standards and quality controls were run in parallel to determine cytokine concentrations. Samples were performed in duplicates.
Western blot
After appropriate incubation times, thyroid cells were rinsed twice with phosphate-buffered saline, collected on ice with a cell scraper, and pooled. Cells were centrifuged at 14,000 G, 4°C for 10 minutes and subsequently lysed with 13 radioimmunoprecipitation assay (radioimmunoprecipitation assay 103, 9806), 1:100 phenylmethanesulfonyl fluoride solution (Sigma-Aldrich, St. Louis, MO; 93482), and 1:100 NaF. Samples were then vortexed every 5 minutes for a total of 40 minutes and then centrifuged for 45 minutes, 14,000g, 4°C to remove insoluble materials. The protein content was quantitated using the Bradford protein assay. Cell lysates, matched for protein content, were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. Membranes were blotted with antiphospho-NF-kB p65 (Cell Signaling, Danvers, MA; 3033) (37), anti-NF-kB p100/p52 (Abcam, Cambridge, MA; ab71108) (38) , and anti-proliferating cell nuclear antigen primary antibodies (Cell Signaling, Danvers, MA; 2586) (39) ( Table 1 ). The anti-p65 and anti-p100/p52 antibodies were validated in the BSM (human B lymphoblastoid) cell line as a positive control.
The primary antibodies were detected using anti-mouse and anti-rabbit secondary Abs (Licor, Lincoln, NE; 926-32210, 926-68071). Protein bands were visualized using the Licor Odyssey Fc imaging system.
Statistical analyses
Data are presented as mean 6 standard error of the mean. Statistical analyses were determined by a two-tailed t test, using the GraphPad Prism 5 software (San Diego, CA). Differences were considered statistically significant when the p values were ,0.05.
Results
Thyroidal CD40 activation specifically upregulates NF-kB
To investigate the specific downstream effectors of thyroidal CD40, thyrocytes isolated from both normal and GD thyroid specimens were exposed to 0, 20, or 40 mg/mL G28.5. Normal thyrocytes exposed to G28.5 showed significant upregulation of IL-6, IL-8, and TNF-a mRNA [ Fig. 1(A) ], whereas each, including BAFF, was significantly upregulated in the GD thyrocytes [ Fig. 1(B) ; Supplemental Fig. 1 ]. The CD40-mediated effect was likewise observed at the protein level, demonstrating significant increases in the protein expression in the normal and the GD thyroid cells. Normal thyrocytes demonstrated an upregulation only when stimulated with the higher G28.5 concentration of 40 mg/mL, whereas GD thyrocytes were responsive to G28.5 at both the 20 mg/mL and 40 mg/mL concentrations ( Fig. 2 ; BAFF had very high background due to technical challenges with commercial BAFF assays; data not shown). Although the normal thyrocytes showed a greater relative increase in several of the cytokines, the absolute measured levels (pg/mL) of the NF-kB-specific cytokines, IL-6 and IL-8, were consistently and significantly higher in the GD specimens (Fig. 3) . Indeed, when we measured CD40 expression on thyrocytes in response to G28.5 stimulation, the levels increased significantly more in GD thyrocytes than in normal thyrocytes (Supplemental Fig. 2 ). Other cytokines (IL-1b, IL-12p40, IL-17a, and interferon-g) were undetectable with CD40 activation, suggesting that CD40's downstream effects are not broad spectrum, but NF-kB specific. These experiments were replicated by stimulating thyroid cells with CD40 ligand (MegaCD40L) and demonstrated similar increases in cytokine mRNA and protein upon stimulation (Fig. 4) .
Thyroidal NF-kB2 (noncanonical) activity is more pronounced in GD than in normal thyroids To further clarify whether the 2 NF-kB pathways, the canonical (NF-kB1) and the noncanonical (NF-kB2), are differentially activated by CD40, transcription factors representative of each cascade were measured. In unstimulated cells, the NF-kB family of dimeric transcription factors remains dormant in the cytoplasm. p65(RelA)/p50, the key heterodimeric transcription factor of the canonical (NF-kB1) pathway, is Figure 1 . Upregulation of the mRNA of NF-kB cytokines after G28.5 stimulation of CD40 in (A) normal and (B) GD primary human thyroid cells. RNA was extracted from thyrocytes after they were cultured with and without G28.5 for 12 hours. Samples were analyzed by realtime reverse transcription polymerase chain reaction for NF-kB1-and NF-kB2-specific target cytokines; values are normalized to glyceraldehyde-3-phosphate dehydrogenase, the internal standard. The mRNA levels are relative to cells not exposed to G28.5. *P , 0.05; **P , 0.01; ***P , 0.001. Experiments were performed in triplicates.
bound and rendered inactive in the cytoplasm by inhibitory NF-kB (IkB), until the IkB kinase complex is activated, leading to IkB's rapid degradation. Once freed from IkB, the p65/p50 transcription factor quickly translocates into the nucleus and activates target gene transcription. Similarly, the noncanonical (NF-kB2) transcription factors are inactive at baseline, in the form of a precursor protein p100. When stimulated, the NF-kB-inducing kinase activates IkB kinase a, which phosphorylates p100, generating p52. p52 subsequently forms a heterodimer with Rel B and translocates into the nucleus to activate gene transcription. We tested whole protein lysates by Western blot for protein levels of p65 and p52. G28.5 stimulation essentially revealed no change in p65 constitutive expression in the normal thyrocytes, whereas there was a slight increase in the GD thyrocytes, indicating that the NF-kB1 (canonical) pathway is active in thyrocytes (Fig. 5) . In contrast, p52 (noncanonical NF-kB2 pathway) was undetectable at baseline and was robustly expressed only after CD40 activation. Interestingly, the upregulation of p52 was more pronounced in the GD thyrocytes, suggesting involvement of the noncanonical pathway in triggering GD.
Discussion
CD40, a critical receptor in B cell development, T cell priming, antigen presentation, and overall proper adaptive immunity, is expressed on thyroid follicular cells (10, (23) (24) (25) (26) (27) (28) (29) . CD40 is also a major susceptibility gene for GD (1, 2) , as shown by the numerous clinical associations between its single-nucleotide polymorphism (SNP) variants and GD. The C/C genotype of the CD40's Kozak sequence SNP predisposes to GD, giving an odds ratio of 1.2-1.9, and has also been associated with more frequent relapses (22, (40) (41) (42) . The T/T genotype, in contrast, has been shown to be protective and even linked to later-onset GD (43, 44) . Mechanistically, the C/C variant increases the translational efficiency of CD40, most likely resulting in enhanced CD40 activity (45) . Furthermore, CD40 polymorphisms have been significantly associated with an array of other autoimmune diseases, including systemic lupus erythematosus, rheumatoid arthritis, multiple sclerosis, Crohn disease, and Behcet disease (12, 13, 19, 24, 46) . This broad range of autoimmunity underscores the critical role of CD40 in antigen presentation. Fold increase in NF-kB-specific cytokine levels with G28.5 stimulation versus without G28.5 exposure. Primary normal and GD thyroid specimens were either treated or untreated with G28.5 (20 or 40 mg/mL) for 12 hours. Supernatants were collected and analyzed by a multiplex bead-based assay, for NF-kB-specific cytokines (IL-6, IL-8, TNF-a), among others (IL-17a, IL-1b, interferon-g, and IL-12p40). Normal thyroids showed significant upregulation of the NF-kB-specific cytokines only with 40 mg/mL G28.5, but no change in cytokine levels with 20 mg/mL G28.5 (20 mg/mL; data not shown). GD thyroids showed significant upregulation in IL-6 and TNF-a levels with both the lower 20 mg/mL and 40 mg/mL G28.5. IL-17a, IL-1b, interferon-g, and IL-12p40 were undetectable regardless of G28.5 exposure (results also not depicted). *P , 0.05; ***P , 0.001. Experiments were performed in triplicates. doi: 10.1210/en.2016-1609 press.endocrine.org/journal/endo
The observation that CD40 overactivity leads to tissuespecific disease rather than multiorgan autoimmunity as in GD suggests that thyroid-specific CD40 expression plays a prominent part in the development of GD. Indeed, our laboratory has previously demonstrated that thyroidal CD40 overexpression leads to increased thyrotropin receptor antibodies and more severe thyrotoxicosis in a GD mouse model (21) . However, the thyroidal signaling pathways through which CD40 may trigger GD have been unknown until now. This study investigated the downstream effects of CD40 in thyroid cells. We focused on the NF-kB pathway because it is known to be activated by CD40 in professional immune cells (32, (47) (48) (49) (50) (51) . In B cells, CD40 trimerizes after CD40-CD154 binding, and TNF receptor-associated factors aggregate to activate NF-kB (52) . Subsequently, two different NF-kB pathways with distinct immune regulatory functions are activated (53) . The canonical NF-kB1 pathway classically involves the immediate activation of the heterodimeric transcription factors p65(RelA)/p50 and p50/c-Rel. It primarily encodes for cytokines, chemokines, and adhesion molecules responsible for the recruitment of inflammatory and phagocytic cells of the innate immune system (Fig. 6) . The noncanonical NF-kB2 pathway mainly activates the p52/RelB transcription factor, upregulating a different panel of proteins that are needed for B cell viability and function, proper antigen presentation, and adaptive immunity. IL-6, IL-8, and TNF-a are main end products of the canonical NF-kB1 arm, whereas BAFF is a key target of the noncanonical NF-kB2 arm. It is therefore
Normal Thyroid GD Normal Thyroid GD Normal Thyroid GD Figure 3 . Absolute values in pg/mL NF-kB-specific cytokines with and without G28.5 stimulation. Primary normal and GD thyroid specimens were treated with G28.5 for 12 hours. Supernatants were collected and analyzed by Luminex for IL-6, IL-8, and TNF-a. Non-NF-kB cytokines (IL-17a, IL-1b, interferon-g, and IL-12p40) were also measured and were undetectable regardless of G28.5 exposure (results are not depicted). Figure 4 . Fold increase in the NF-kB-specific cytokine levels with CD40L stimulation versus without CD40L exposure in normal human thyroid cells. Primary normal thyroid specimens were treated with 0 or 250 ng/mL CD40L for 12 hours. Extracted mRNA samples were analyzed by real-time reverse transcription polymerase chain reaction, and supernatants were analyzed by a Luminex bead-based assay. Upregulation of both the (A) mRNA and (B) protein levels of the NF-kB cytokines with CD40L is comparable to the upregulation with G28.5 stimulation. Non-NF-kB-specific cytokines, including IL-17a, IL-1b, interferon-g, and IL-12p40, were measured and undetectable with or without CD40L (results are not depicted). **P , 0.01; ***P , 0.001.
expected that aberrations in the NF-kB pathway would lead to immune dysregulation (54, 55) . Increased levels of IL-6, IL-8, TNF-a, BAFF, and CCL21 have been associated with various autoimmune diseases, including GD (56, 57), Graves ophthalmopathy (58), and systemic lupus erythematosus (59-61), among others. CD40 and NF-kB individually play significant roles in general immune homeostasis. In this study, we have Figure 6 . The canonical (NF-kB1) pathway requires the NEMO (NF-kB essential modulator) complex (IkB kinase a, IkB kinase b, IkB kinase g) to phosphorylate IkB, leading to its degradation. The p65/p50 transcription factor is released and translocates into the nucleus. The noncanonical (NF-kB2) pathway is NEMO (NF-kB essential modulator) independent and requires phosphorylation of the p100 precursor. p100 is processed into p52, allowing the p52/Rel-B transcription factor to translocate into the nucleus. Once in the nucleus, the dimeric transcription factors can activate specific gene expression. Figure 5 . CD40 activation upregulates p65 and p52 transcription factors. Primary normal and GD thyroid specimens were cultured; these were either exposed to or not exposed to 40 mg G28.5, a stimulating CD40 mAb, for 12 hours. Whole-cell protein lysates (40 mg GD sample and 60 mg normal thyroid sample) were analyzed by immunoblotting. Filters were probed with primary antibodies against p65 (of the NF-kB1 pathway) and p52 (of the NF-kB2 pathway); proliferating cell nuclear antigen was used as the housekeeping protein. press.endocrine.org/journal/endoshown that these two important players also act locally at the level of the thyrocyte and that their pathways are linked: thyroid-specific CD40 directly recruits NF-kB signaling. We showed that thyroidal CD40 activates the transcription and translation of NF-kB cytokines and that their upregulation is more pronounced in GD. p65 (NF-kB1) is constitutively expressed, whereas p52 (NF-kB2) is expressed only with CD40 stimulation. These findings suggest that GD thyrocytes are inherently more responsive to CD40 and that both NF-kB1 and NF-kB2 pathways are pivotal to GD progression. A possible explanation behind why both NF-kB pathways' cytokines were equally upregulated by CD40, despite the more prominent p52 response, may be due to the slower kinetics of the NF-kB2 noncanonical pathway (47) . The rapid-onset NF-kB1 pathway, in contrast, may allow for repeated activation and production of its cytokine end products, resulting in the measurement of a cumulative NF-kB1 response. The NF-kB1 and NF-kB2 pathways most likely each contribute functionally distinct roles in the progression of GD: NF-kB1 (p65) activity exacerbates the local, nonspecific inflammatory changes within the thyroid, whereas NF-kB2 activity (p52) coordinates the efficient development and influx of thyroid-targeting APCs and B cells (53) . This is especially intriguing and pertinent as GD is predominantly a Th2-mediated, antibodydriven disease.
Our study provides a framework on the role of thyroidal CD40 in the progression to GD. Our proposed two-hit mechanism is that, in individuals who carry the GD-associated CD40 Kozak SNP genotype (first hit), secondary environmental exposures (second hit; e.g., iodine, viral infection) cause an upregulation of thyroidal CD40, resulting in NF-kB signal transduction with augmentation of both the canonical NF-kB1 and noncanonical NF-kB2 pathways. This leads to IL-6, IL-8, and TNF-a production (NF-kB1 cytokines), as well as expression of NF-kB2-driven pro-B cell responses like BAFF, B lymphocyte chemoattractant, and CCL21 (53) . Antigen presentation by resident APCs and B cells would be facilitated in this proinflammatory background, leading to aberrant and efficient production of thyroid-specific, GD-inducing antibodies.
In conclusion, our data demonstrated that the NF-kB pathways may be the mechanistic link between thyroidal CD40 and thyroid-targeting immune cells and autoantibodies in GD. Our proposed mechanism of tissue-specific CD40-NF-kB pathway activation may be applicable to other autoimmune diseases. In fact, treatments for systemic lupus erythematosus, rheumatoid arthritis, inflammatory bowel disease, and psoriasis use monoclonal antibodies that block IL-6, TNF-a, and BAFF (62-64). Our results highlight the translational potential of the thyroid-specific CD40-NF-kB pathway and may provide future therapeutic targets for the treatment of GD.
